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Proximal tubular lactate transport in rat kidney:
A micropuncture study
BERNHARD HöHMANN, PETER P. FROHNERT, ROLF KINNE and KARL BAUMANN, with the
technical assistance of F. PAPAVASSILIOU and M. WAGNER
Max Planck Inst it Ut für Biophysik, Frankfurt/Main, Germany
Proximal tubular lactate transport in rat kidney: A micro-
puncture study. Micropuncture studies of renal lactate behavior
in the rat showed free filtration across the glomerular membrane.
Under free-flow conditions, 95% of the filtered load was re-
absorbed by the proximal tubule, thus generating a transtubular
concentration gradient. In the absence of volume changes, an
intratubular steady-state concentration of lactate was established
irrespective of the presence or absence of lactate in the initial
test solution, indicating a passive "leak" along the trans-
tubular concentration gradient which increased with higher
serum lactate levels. Although proximal tubular hydrogen ion
secretion could explain this lactate gradient on the basis of
nonionic diffusion, studies in chronic alkalotic rats showed that
lactate was reabsorbed even in the absence of a hydrogen ion
gradient. Inhibition of intracellular gluconeogenesis from lac-
tate, by alkalosis and through administration of an inhibitor
(MICA), abolished development of the transtubular concentra-
tion gradient in the proximal tubule. It is concluded that lactate
reabsorption in the proximal tubule is caused by simple diffusion
across the luminal membrane in response to a concentration
gradient created by intracellular utilization of lactate for
gluconeogenesis.
Transport tubulaire proximal du lactate par Ic rein de rat:
Etude par microponctions. L'&ude par microponction du corn-
portement renal du lactate chez Ic rat a montré une filtration
libre a travers la membrane glomerulaire. Dans des conditions de
flux libre, 95°/ de la charge filtrée est réabsorbée par le tube
proximal contre un gradient de concentration trans-tubulaire.
En l'absence de modifications de volume un état stationnaire de
concentration du lactate est établi indépendamment de la pré-
sence ou de l'absence de lactate dans Ia solution initiate, ce qui
indique un fuite passive du lactate le long du gradient trans-
tubulaire de concentration, fuite qui augmente en méme temps
que Ia concentration plasmatique du lactate. Une secretion
tubulaire proximale d'ions hydrogéne pourrait expliquer cc
gradient de lactate en fonction d'une diffusion non ionique.
Cependant l'étude de rats en alcalose métabolique a montré
que le lactate est réabsorbé méme en l'absence d'un gradient
d'ions hydrogéne. L'inhibition de la gluconéogenèse intracel-
lulaire a partir du lactate par l'alcalose et au moyen de l'admini-
stration d'un inhibiteur (MICA) about ce gradient trans-tubu-
laire proximal. II est conclu que Ia reabsorption du lactate dans
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le tube proximal est liée a une diffusion simple a travers la
membrane luminale en fonction d'un gradient de concentration
créé par l'utilisation intracellulaire de lactate pour Ia gluconéo-
génése.
Because the lactate molecule is small and is not
bound to plasma protein, it is assumed that lactate is
freely filtered across the glomerular capillary [1]. It
also has been shown that only minute amounts of
lactate appear in the final urine [1, 2]. Therefore, net
reabsorption of this metabolite must occur along the
nephron. Furthermore, the results of stop-flow experi-
ments [3] indicate that the major portion of filtered
lactate is reabsorbed along the proximal tubule.
Clearance studies have indicated that the dog kidney
has a maximal tubular reabsorptive capacity (Tm) for
lactate [1, 3]. These data have been interpreted as
evidence for an active transtubular transport mech-
anism for lactate in the proximal tubule.
However, a special carrier-mediated transport
system need not be postulated to explain these findings.
An equally acceptable explanation would be meta-
bolism of the lactate, perhaps by gluconeogenesis, by
the cells of the proximal tubule, thus creating a
"cellular sink" or concentration gradient of lactate
and enhancing diffusion through the luminal cell
membrane into the cell. This hypothesis is supported
by in vivo experiments [4] and by in vitro studies of
isolated perfused rat kidneys [5,61 and isolated cortical
tubules [7—9} and of rat renal cortical slices [10, 11]
which demonstrated a very high gluconeogenic capa-
city of renal cortex and almost quantitative conver-
sion of lactate to glucose. Furthermore, in vivo
measurements of the arteriovenous concentration
difference of endogenous lactate revealed a con-
siderable net uptake of this metabolite by renal tissue
[12, 13].
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The present report describes the results, in rats, of
micropuncture experiments that were designed to
determine the mechanism of lactate reabsorption by
the proximal tubule. Changes in reabsorption were
studied during metabolic alkalosis and after admini-
stration of 5-methoxyindole-2-carboxylic acid (MICA),
a substance which inhibits tricarboxylic acid oxidation
as well as tubular gluconeogenesis from lactate. Our
work indicates that no special transport system for
lactic acid exists and that an intracellular metabolic
"sink" accounts for tubular lactate reabsorption.
Methods
Animals. Micropuncture experiments were per-
formed in Wistar rats (weight, approximately 200 g)
that had free access to fluid at all times; solid food was
withheld for 12 hours prior to an experiment. The
animals received a standard raw chow (Altromin).
One group of rats, however, was rendered alkalotic
(to avoid acidification of proximal tubular fluid)
through feeding of a diet free of chloride and glucose
and containing less than 1% (dry weight) of protein
(Altromin special diet No. C 1030 without sodium
chloride, for rats) and through addition of potassium
citrate (30 mEq/liter), sodium bicarbonate (30 mEq/
liter), and D-glucose (10 mM) to the drinking water.
Rats of the latter group lost usually 20 to 30% of their
normal body weight within two to four weeks while on
this low-protein program.
Whenever the experimental procedure called for
glomerular puncture, rats of the Wistar WU strain
(Ivanovas, Kisslegg, Germany) were used because
these animals frequently show a few glomeruli at the
kidney surface where they are accessible to micro-
puncture [14]. Previous results [15] showed no physio-
logic differences between the conventional breed and
the WU strain except for occasional renal glycosuria
in female WU rats.
Micropuncture methods. Rats were anesthetized by
intraperitoneal injection of ethyl-(l-methylpropyl)-
thiobarbituric acid (Inactin) (80 to 100 mg/kg of body
wt) and received Ringer's solution through a jugular
vein catheter (usually, 1.5 ml during the preparative
period and 0.5 to 1.0 mi/hour thereafter). The alka-
lotic rats received, instead, an infusion of isotonic
sodium bicarbonate, pH 8.1, with either lactate (1 mM)
or MICA (10 mM), an inhibitor of gluconeogenesis
from lactate, at a rate of 12 mi/hour after an initial
loading dose of 12 ml. D-GlucoSe (5 mM) was added to
the MICA solution to prevent development of sys-
temic hypoglycemia.
Our micropuncture methods have been described in
great detail recently [16] and shall only be sum-
marized here.
1. Free-flow micropuncture. Glomeruli and proxi-
mal tubules are punctured and 0.5- to 5-nl samples are
allowed to enter an oil-filled micropipet against con-
tinuous manual counterpressure [15] in order to avoid
significant changes of net filtration pressure. Location
of the puncture site is confirmed, and the distance to
the glomerulus is determined at the end of the experi-
ment by filling the punctured tubule with latex and
subsequent microdissection.
2. Split oil-droplet method. The tubule is punc-
tured with a double-barreled micropipet and filled with
colored oil from one of the pipets. This oil column is
then split with a droplet of test solution from the other
shaft. Care is taken to locate the droplet always proxi-
mal to the puncture site. Since this method was used
only in alkalotic rats, the test solution of sodium
chloride (150 mEq/liter) and calcium chloride (3 mEq/
liter) was titrated with sodium hydroxide to the pH of
the infusate, 8.1. Isotonic reabsorption rate is deter-
mined by the speed of shrinkage of such droplets and
is expressed as half-time, t+. For this purpose, rapid-
sequence (five-second intervals) photographs are
taken with a motor-driven robot camera mounted on
one ocular of a tn-ocular microscope (Wild, Switzer-
land). The equipment and necessary corrections have
been described in detail in a recent publication from
this institution [17]. According to Gertz et al [18],
reabsorptive capacity (J) can be expressed, per unit
tubular length, by the following:
0.347x2irxr2 1= nlmm1min
in which r is the radius of the tubular lumen.
3. Stopped-flow microperfusion method. The split
oil-droplet method is modified in that a nonreabsorb-
able inert sugar, raffinose, is added to the test solution in
a final concentration (50 to 60 mM) such that no signifi-
cant volume change would be expected [19, 20]. In
addition to raffinose, the test solution also contains
sodium chloride (120 mEq/liter), sodium bicarbonate
(10 mEq/iiter) and, in one special group of experiments,
also lactate (2 mM). The droplet is recollected after a
measured time interval and the procedure is repeated
two to five times to obtain volumes suitable for
analysis. In the course of evaluating possible trans-
port mechanisms, individual proximal tubules of
normal rats were perfused with test solution also con-
taining MICA (0.5 mM) at a rate of 16 d/min for five
to ten minutes prior to the stopped-flow microper-
fusion experiment in the same tubular segment.
4. Peritubular capillary perfusion. Perfusion of
peritubular capillaries [21—23] permits control of
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contraluminal fluid composition during stopped-flow
microperfusion experiments and establishment of a
preselected transtubular concentration gradient for a
certain substrate. Subsequent changes of the gradient
can be observed. A suitable capillary network is
cleared of blood by forceful pump perfusion (2 l/
mm). The perfusate consists of (in mEq/liter): Na ,
140; 3; Cl—, 103; HCO3, 28; acetate, 10;
lactate, 2.22; and MICA, 0.5 m (and, in one group
of experiments, '4C-labeled 5,5-dimethyl-2,4-oxazo-
lidinedione, DM0). The pH is adjusted to 7.4 by
careful gassing with a 95% 09— 5% CO2 mixture. The
intratubular test solution, also at pH 7.4 initially,
consists of (in mEq/liter): Na, 127; Ca , 3; C1,
118; acetate, 10; lactate, 2.20; and raffinose, 60 mM.
Small amounts of 3H-methoxyinulin served as volume
marker. MICA, 0.5 m, was added in some experi-
ments as indicated.
Analytical methods: 1. Serum lactate. A short
plastic catheter was tied into a carotid artery. For each
sampling, the first two drops of blood were discarded
and the next five drops (about 60 l) were collected in a
heparinized plastic vial under mineral oil and then
kept in an ice bath. After centrifugation at 14,000
rpm (Eppendorf microcentrifuge) and 4°C for two
minutes, lactate was extracted from the plasma and
analyzed as described by Hohorst [24]. Serum lactate
concentrations were obtained after correction for
protein content of the plasma (factor, 0.94) and showed
a cofficient of variation of 3.5%.
2. Lactate micromethod for micropuncture samples.
The small sample volumes (0.5 to 5.0 nl) and low
lactate concentrations required addition of an enzy-
matic amplification step [25] in order to determine
amounts of only 10-12 mole at a coefficient of vari-
ation of 5.0%. Fig. 1 shows that enzymatic oxidation
of sample lactate in the presence of NAD produces
equimolecular amounts of pyruvate and NADH.
Step 1: Lactate + NAD Lactate dehydrogenase Pyruvate+ NADH
Step 2:
Pyruvate ._-INADH a-Ketoglutarate + NH4 +F\7f Lactate! Glutamate
f dehydrogenase dehydrogenase
\ctate
1 'NAD4" G1utamate
tep 3uvate+NADH Lactate dehydrogenase Lactate+
Fig. 1. Scheme of procedure for enzymatic microdetermination of
lactate.
Excessive amounts of NAD are then destroyed with
weak alkali and the reaction is stopped by heating. The
NADH from step 1 is continuously recycled in a
subsequent enzymatic process [25] with time-depen-
dent accumulation of pyruvate and glutamate. After
adequate amplification, the reaction is terminated by
heating to 100°C. The accumulated pyruvate is mea-
sured in a third enzymatic reaction that produces NAD
which is determined by fluorimetry after treatment
with strong alkali.
Step 1. The measurement and transfer of micro-
samples (0.5 to 3.0 nl) to a reagent mixture on the
floor of an oil-covered well of a Teflon rack [26] has
been described in principle [27]. For each sample,
450 nl of reagent mixture 1 was used (2-amino-2-
methyl-1,3-propandiol HC1, 0.2 M; hydrazine sulfate,
0.1 M, pH 9.5; NAD, 0.003 and lactic dehydro-
genase [beef heart], 50 ig/ml). After incubation at
room temperature for 90 minutes, 450 nl of 0.15 N
NaOH was added and the reaction was stopped by
heating the entire Teflon rack in a drying oven at
75°C for 20 minutes.
Step 2. The Teflon rack was allowed to cool to
room temperature and 450 nl of each reaction mixture
was added to 50 l of cycling reagent mixture (tris-
hydroxymethylaminomethane-HC1 buffer, 0.2 M, pH
8.4; ammonium acetate, 0.025 lithium lactate,
0.1 M; ADP, 3 x l0 M; a-ketoglutarate, 0.005 M;
glutamate dehydrogenase [beef liver, in 50% glycerol],
400 g/ml; and lactic dehydrogenase [beef heart],
50 g/ml). The incubation period was 60 minutes at
38°C and was terminated by immersion of the vials in a
boiling water bath for two minutes.
Step 3. A l0-il aliquot of incubate from step 2 was
added to 40 il of reagent mixture 3 (phosphate buffer,
0.067 M, pH 7.5; NADH, 7.4 x 10-s and lactic
dehydrogenase [rabbit muscle], 125 g/ml). The
NADH had been dissolved in carbonate buffer, pH
10.7, stored at 4°C between experiments, and re-
heated for ten minutes at 60°C just prior to use. Incu-
bation was at room temperature for five minutes and
was stopped by the addition of 10 d of 1 N HC1. After
another five minutes, 100 l of 10 N NaOH was added
and the mixture was heated at 60°C for ten minutes,
cooled to room temperature and diluted with 500 tl of
distilled water. Sample fluorescence was measured in
a spectrofluorometer (Farrand) (p = 350 nm, s =
450 nm) with quartz microcuvettes (200 l). Because
the standard dilution curve was not linear at higher
concentrations, three different standard dilutions were
always run with each experiment. The coefficient of
variation was 5.0% for the entire procedure.
3. Arterial blood pH. The Micro-Astrup method
(Radiometer, Copenhagen, Denmark) was used.
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4. Microdetermination of pH in capillary perfusate.
At the end of each perfusion study, a fluid sample was
drawn from the perfused capillary system directly into
a mercury-filled micropipet. A modified pH micro-
electrode [28] was inserted into the sample through
the mercury seal and readings were obtained against a
calomel half-cell as reference electrode.
5. Microdetermination of pH in micropuncture
samples. Tubular or glomerular free-flow samples (2
to 20 ni) were aspirated into the drawn-out tip of a
pH microelectrode and the pH was measured after
equilibration for 5 to 20 seconds, depending on the
thickness of the pH-sensitive glass [28]. Only micro-
electrodes with the characteristic of I pH unit corres-
ponding to 50 to 60 my at renal surface temperature
were used. The electrodes were calibrated with com-
mercial standards at pH 6.0, 7.0, 8.0 and 9.0 under
identical experimental conditions, and the determina-
tion had a standard error (SE) of 0.02 pH unit.
6. Indirect pH determination by DM0 distribution.
As a weak organic acid (PKa6.13), lipid-soluble,
undissociated DM0 distributes across a cell mem-
brane by nonionic diffusion according to the trans-
membrane pH difference. Thus, intratubular pH can
be calculated from 14C-DMO count rates in tubular
fluid (TF) and peritubular fluid (PF) and from pen-
tubular pH by appropriate solution of the following
equation [29]:
'4C-DMOpF' I + l0(PHPFPKDM0)
'4C-DMOTF
=
1 + l0(PHTF_PcDMo)
Previous studies of isolated proximal tubules had re-
vealed neither active transport nor surface binding of
DM0 [30]. 3H-methoxyinulin was added to tubular
fluid samples to permit correction for possible volume
changes. '4C and 3H activities were counted simul-
taneously in a liquid scintillation counter (Packard
3380) after preparation of samples with 0.2 ml of
solubilizer (NCS, Nuclear Chicago), and addition to a
toluene-alcohol-Liquifluor scintillator fluid.
7. Other methods. Osmolality of all artificial solu-
tions was determined by freezing-point depression in a
biologic cryostat (Clifton). Tubular chloride concen-
tration was measured by electrotitration [31], and
serum glucose was measured by a standard enzyme
method [15].
Materials. All enzymes and substrates were ob-
tained from Boehringer Mannheim Corporation, and
chemicals of analytical grade were purchased from
Merck (Darmstadt, Germany). Lithium lactate and
L( + )-lactic acid were provided by Sigma Chemicals
(USA), MICA by Schuchardt (Munich, Germany)
and 2-amino-2-methyl-1,3-propandoil HC1 by Serva
(Germany). The radionuclides were obtained from New
England Nuclear (Boston, Mass., USA) and had the
following specific activities: '4C-DMO, 0.25 mCi!
3.5 mg; 3H-methoxyinulin, 0.25 mCi/l.2 mg.
Results
Free-flow experiments. Glomerular filtration of
acetate was investigated under free-flow conditions
with lactate concentrations being determined in
simultaneously obtained samples of arterial blood and
fluid from Bowman's capsule. The mean (±SD)
glomerular lactate concentration, 0.89 0.21 mM (N=
13; nine rats), was not significantly (P>0.35) different
from the mean arterial concentration, 0.98 0.34 mM
(N= 22), indicating free filtration of lactate by the
glomerulus. Another series of free-flow experiments at
somewhat lower serum lactate concentrations (0.69
0.12 mi, N= 11) showed a glomerular level of 0.71
0.19 mM (N=9) and a mean tubular concentration in
the first portion of the accessible proximal tubule (250
to 1,000 im from the glomerulus) of 0.39 mrs
(N= 10) and in the distal portion (4,000 to 6,000 m
from the glomerulus) of 0.08 0.06 mM (N= 18). The
concentration difference between the tubular sampling
sites was highly significant (P < 0.0005).
The progressive decrease of the luminal lactate
concentration along the proximal tubule was con-
firmed in a series of experiments in which individual
tubules were punctured twice, first in a more distal
location and, subsequently, closer to the glomerulus.
Fig. 2 shows a decrease in tubular lactate concentra-
tions from proximal to distal locations in every tubule.
Proximal tubular lactate transport in absence of
net volume fluxes. In stopped-flow microperfusion
E
U
0U
U
4
Distance from glomerulus, mm
Fig. 2. Intratubular lactate concentrations from paired samples
of individual nephrons under free-flow conditions (N= 9; 4
normal rats).
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Initial
lactate, mM
Intraluminal lactate, mM,b mean
After 3 seconds After 30 seconds
0(3 rats) 0.27±0.05 (4) 0.28±0.11 (6)
2.0 (5 rats) 0.50±0.12 (12) 0.27±0.11(12)
experiments with net transtubular volume flux
abolished by addition of raffinose to the artificial
tubular fluid, test fluids with (2 mM) or without
lactate were placed into proximal tubules and re-
collected after a certain interval (3 or 30 seconds). A
mean intraluminal steady-state concentration of 0.27
m was found after 30 seconds, irrespective of the
initial level of lactate in the tubular test fluid (Table 1).
Serum lactate was then increased to a concentration
of 8 m by intravenous infusion of lactate (central
nervous system symptoms of toxicity prevented fur-
ther increases). Addition of lactic acid and sodium
lactate at a ratio of 1:2 to the intravenous infusate
(Ringer's solution) allowed maintenance of a stable
arterial pH throughout the experiment (pH: initial
7.40; after one hour, 7.46). The intraluminal steady-
state concentration of lactate increased with increasing
serum lactate levels (Fig. 3), but the slope of the
regression line never reached the value, 1.0, of a
saturated transport system.
Possible mechanisms of proximal tubular lactate
reabsorption. To study the possible influence of pH on
transtubular lactate distribution, peritubular capil-
laries of normal rats were perfused with a protein-free
electrolyte solution. Peritubular perfusion with a
similar electrolyte solution had revealed that, under
these conditions, proximal tubular fluid reabsorption
remained 83% of normal (when blood perfused the
capillary system). In this study, the peritubular
perfusate was at pH 7.64±0.14 (SD) (N=7) and also
contained lactate (2.22 mM), MICA (0.5 mM) and
'4C-DMO. By this method, the mean (± SD) intra-
luminal pH was calculated to be 0.47 0.20 (N= 29;
nine rats) lower than the peritubular pH. Assuming
transtubular distribution of lactate (PKa =3.8) only by
means of nonionic diffusion, this pH difference would
correspond to a mean (± SD) luminal lactate concen-
tration of 0.89 0.36 mrvt (N= 29) with the pen-
tubular concentration being 2.22 m. The actual
mean (± SD) tubular lactate concentration was 0.82
0.40mM (N=29). The mean difference (± SD) of
individual measured and calculated data was 0.03
0.52 mr's (N=29; P>.0.95) and thus not distinguish-
able from zero. However, individual differences as
large as 1.22 m clearly showed that methodic
errors were considerable and that results had to be
interpreted with particular caution.
Therefore, tubular lactate handling also had to be
studied in the absence of the physiologic pH gradient
in the proximal tubule. In three rats with severe hypo-
chloremic alkalosis receiving infusions (12 mI/hour)
of isotonic sodium bicarbonate with lactate (1 mM),
five individual nephrons showed increasing pH values
from the glomerulus to the more distal portion of the
proximal tubule while lactate concentrations decreased
to below glomerular concentrations in all instances
(Table 2).
Under similar conditions but with MICA (10 mM)
and D-glucose (5 mM) added to the isotonic sodium
bicarbonate infusion, little or no transtubular con-
centration difference of lactate developed along the
proximal tubule (four nephrons, three rats with hypo-
chloremic alkalosis) (Table 2). The results in both
groups are summarized in Fig. 4. Under the same
experimental conditions—that is, chronic alkalosis
and acute bicarbonate loading with either lactate (1
mM) or MICA (10 mM) and D-glucoSe (5 mM)—
isotonic fluid reabsorption (J) of proximal tubules
was investigated by the split oil-droplet method and
showed no change after addition of MICA (Table 3).
Discussion
Lactate filtration and proximal tubular reabsorption.
Simultaneous determinations of lactate concentrations
in arterial blood and in glomerular fluid provided
clear evidence of free filtration of lactate through the
glomerular membrane, thus providing an experimental
Table 1. Stopped-flow microperfusion experiments in normal
Wistar rats
Mean (± SD) serum lactate, 0.92 0.34 mi (N= 22).
b N of samples shown in parentheses.
.9 4
C
Serum lactate concentration, mM
Fig. 3. Intratubular steady-state concentrations of lactate as a
Junction of experimentally increased serum lactate concentra-
lions (stopped-flow microperfusion data in normal rats). The
regression line was calculated by the least squares method.
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Table 2. Measurements of pH, lactate and chloride in fluid samples from three different sites in nephrons of chronic alkalotic rats°-
pH Lactate, mM Chloride, rnEq/liter
Nephron Glom MPT EPT Glom MPT EPT Glom MPT EPT
A. During infusion of isotonic NaHCO3 with 1 m lactate
7.95 8.01 8.09 2.16 0.96 0.32 68 71 68
2 7.83 8.01 8.19 1.63 1.20 0.06 73 81 80
3 7.91 7.81 8.05 1.65 1.16 0.82 82 94 101
4 7.86 8.08 8.10 1.21 0.87 0.51 — — —
5 7.80 7.94 8.08 1.69 1.33 0.39 — — —
B. During infusion of isotonic NaHCO3 with 10 mri MICA and 5 mM D-glucose
7.84 7.46 8.12 3.88 4.10 3.89 64 67 76
2 7.81 7.97 7.74 3.97 3.26 2.93 46 51 56
3 8.28 8.17 8.10 2.54 2.60 1.71 73 75 81
4 8.12 8.08 8.06 3.13 3.42 3.08 68 71 70
Glom=glomerulus; MPT=midportion of proximal tubule; EPT=end of proximal tubule. Three rats were used for each series
(A and B).
Table 3. Effect of MICA on proximal tubular isotonic fluid
reabsorption in split oil-droplet methoda
Mean
Without MICA, With MICA,
N=39; 6 rats N=37; 7 rats
Reabsorptive half-time,
t4 (s) 27.0± 6.8 30.9±9.5
Tubule radius (r), tm 17.4± 1.6 17.3± 1.5
Reabsorptive capacity,
J, n1•rnm'niin1 1.59±0.51 1.41±0.49
Chronic alkalotic rats received massive infusions (priming
volume, 12 ml; thereafter, 12 mI/hour) of isotonic sodium
bicarbonate with lactate (1 mM; "without MICA") or with
MICA (10 mM) and D-glucose (5 mM; "with MICA").
basis for previous hypothetical considerations. Small
molecular size and absence of significant protein
binding had made this result predictable [1]. Of
additional value is the fact that a glomerular fluid-to-
arterial lactate concentration ratio of 1 was found in
two different series of experiments in which minor
experimental variations had resulted in different
serum lactate levels (0.92 and 0.69 m, respectively).
Stop-flow studies in dogs have revealed reabsorp-
tion of the major portion of filtered lactate by the
proximal tubule [3]. A concentration difference be-
tween serum and tubular fluid developed along the
proximal tubule and was interpreted by these investi-
gators as evidence for active tubular transport. At
serum lactate concentrations far above those obtain-
able in rats (approximately 25 mM), lactate reabsorp-
tion had reached a maximum. Thus, tubular lactate
reabsorption was a rate-limited process which followed
saturation-type kinetics with a tubular maximal re-
absorptive rate (Tm) of 28 mmoles mm 1 kg
Fig. 5 summarizes results of our free-flow micro-
puncture studies in rats and indicates that the major
portion of filtered lactate is being reabsorbed by the
early part of the proximal tubule. Furthermore, the
end-proximal TF/Piactate ratio of 0.12 and the previ-
ously determined end-proximal TF/PIflUlIfl ratio of 2
in Wistar rats [15] suggest a 95% reabsorption of
filtered lactate by the accessible proximal tubule.
Proximal tubular lactate reabsorption took place in
the absence of a net transtubular flux of water and
sodium. These studies demonstrated also a passive
transport of lactate that followed the transtubular
concentration gradient and opposed reabsorption. A
steady-state concentration of lactate was thereby
established in the proximal tubule. Similar steady-
state conditions exist within this part of the nephron
for sodium [19] and D-glucose [15], and "pump-and-
leak" mechanisms have been invoked to explain
these states [15, 18, 19] in which passive inward flow
is balanced by active outward transport in the ab-
sence of volume changes. The stopped-flow micro-
perfusion data reported in Table 1 permit calculation
of a minimal apparent permeability constant [32] of
23 x 10 cm sec1 which is considerably greater than
that of D-glucose, l.7x105cm.sec' [33].
Although the tubular steady-state concentration of
lactate increased with increasing serum levels, the
respective increments never matched within the experi-
mental range of serum lactate concentrations; there-
fore, there were greater transtubular concentration
differences at higher serum lactate levels. If tubular
permeability remains constant, the reabsorptive rate
must increase at higher lactate levels. In contrast to
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0
Glomerulus Proximal tubule
Midportion End
Fig. 4. TF/Piact,te ratios (mean SD) measured at two different
proximal tubular sites under free-flow conditions in chronic
alkalotic rats of WU strain receiving (intravenously) isotonic
sodium bicarbonate with either 1 mivi lactate (" without MICA,"
N= 5; 3 rats) or with 10 mat MICA and 5 mM D-glucoSe ("with
MICA," N= 4; 3 rats). Serum lactate levels were assumed to be
identical to glomerular lactate concentrations according to
earlier experimental evidence (Fig. 2). (From BAUMANN K,
FROHNERT PP, HOHMANN B, KINNE R: Micropuncture study on
the lactate transport of the proximal tubule of the rat kidney, in
Biochemical Aspects of Kidney Function, edited by HOHENEGGER
M, Munich, Wilhelm Goldmann Verlag, 1972, pp. 81—93.
Reprinted with permission.)
clearance studies [1] and stop-flow experiments [3] in
dogs in which a definite Tmiactate had been found, no
transport maximum was observed in the rat micro-
puncture studies. Toxic central nervous system symp-
toms developed at serum lactate concentrations much
lower than those necessary to saturate the reabsorptive
capacity in the dog. Because concomitant pH shifts
had been prevented, a greater sensitivity of the rat
brain to lactate has to be inferred.
Mechanisms of proximal tubular lactate reabsorp-
tion. Studies of lactate transport in the gut [34] and
liver [35] give no evidence of an active transport
system. Intestinal reabsorption studies [36], however,
suggest the possibility of nonionic diffusion as a
Proximal tubule
Glomerulus Early, Late,
25O—1OOO 4O0O—60OOz
Animals, n 4 4
Samples, n 9 10
Fig. 5. TF/Pietat. ratios (mean SD) from glomeruli and different
proximal tubular sites under free-flow conditions. (From Bau-
mann K, Frohnert PP. Höhmann B, Kinne R: Micropuncture
study on the lactate transport of the proximal tubule of the rat
kidney, in Biochemical Aspects of Kidney Function, edited by
HOHENEGGER M, Munich, Wilhelm Goldmann Verlag, 1972,
pp. 81—93. Reprinted with permission.)
driving force. Although nonionic diffusion is mainly
responsible for tubular reabsorption of weak organic
acids whose undissociated moiety is highly lipid solu-
ble [37, 38], it is conceivable that the same principle
could drive tubular lactate reabsorption if different
membrane permeabilities favored greatly the trans-
port of nonionized lactic acid. Hydrogen ion secretion
in the early proximal tubule [39] creates an electro-
chemical gradient that would favor net reabsorption of
lactate. Indeed, our studies of peritubular capillary
perfusion and tubular stopped-flow microperfusion
revealed a transtubular pH difference compatible
with the measured lactate difference. Subsequent free-
flow micropuncture experiments in chronic alkalotic
rats, however, showed existence of transtubular lac-
tate gradients even in the absence of a pH difference.
Likewise, nonionic diffusion does not participate in
tubular reabsorption of another intermediate of
cellular gluconeogenesis, a-ketoglutarate [40].
Experiments in dogs have revealed a small but
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significant difference in the lactate concentrations in
the renal artery and vein, indicating renal uptake of
lactate [12, 13]. In view of the high rate of renal blood
flow, this parenchymal extraction of lactate exceeds
the amount retained from the glomerular filtrate. This
large uptake of lactate suggests that there may be
intracellular utilization, and studies of rat kidney
cortex slices have shown almost quantitative transfor-
mation of exogenous lactate to glucose, making lactate
a major substrate for cortical gluconeogenesis [10, 11].
Lactate is not utilized in the renal medulla but rather
is generated during anaerobic glycolysis [41—43].
However, the low metabolic activity of the renal
medulla makes this only a minor contribution to
the overall renal lactate balance.
Rapid intracellular utilization of lactate for gluco-
neogenesis may create a "metabolic sink," causing
lactate to enter the cell passively along a concentration
gradient across the cell wall. In vivo and in vitro studies
[44, 45] of hepatic gluconeogenesis from lactate have
shown marked inhibition by a tryptophan derivative,
5-methoxyindole-2-carboxylic acid (MICA) which
also reduces intracellular energy supply through
interaction with pyruvate and a-ketoglutarate oxidase.
Although intravenous administration of 15 to 30
.tmoles of MICA per hour to our 200-g rats caused
lactic acidemia and profound hypoglycemia, no clear-
cut effect was observed on the tubular steady-state
concentration of lactate even though hypoglycemia
was prevented by infusion of glucose (5 mM). Likewise,
selective tubular perfusion with MICA (0.5 mM) or
peritubular capillary perfusion with MICA (0.5 mM)
in normal rats, as described in Methods failed to have
a significant influence on the transtubular lactate con-
centration gradient in subsequent stopped-flow micro-
perfusion experiments. Only when MICA was given
intravenously in much higher doses (120 to 240
moles/hour) to chronic alkalotic rats was the trans-
tubular concentration gradient abolished. Simul-
taneous administration of D-glucose (5 mM), given in
order to avoid systemic hypoglycemia, may have en-
hanced suppression of renal gluconeogenesis.
Reed and Lardy [46] have shown that mitochondrial
fractions from the kidney have a much poorer uptake
of MICA than those from the liver and that the
inhibitory effect on gluconeogenesis paralleled mito-
chondrial uptake of MICA. Thus, it is not unlikely
that a renal effect of MICA could be observed only at
tissue concentrations exceeding by far those effective
in hepatic mitochondria and causing systemic changes
of lactate and glucose levels. The relative insensitivity
of renal mitochondria to MICA may also explain the
incomplete inhibition of lactate uptake and gluco-
neogenesis of isolated renal tubules by MICA at
0.2 m in the bath solution, as reported by Guder [47].
The presence of systemic alkalosis in our experiments
may have been additive to the MICA effect because
alkalosis is known to impair cortical gluconeogenesis
[48] and to enhance lactic aciduria as well as lactic
acidemia [49].
The MICA effect on lactate reabsorption cannot be
explained on the basis of a deficiency of cellular energy
stores. Although the dog kidney cortex derives the
major portion of its energy requirements from lactate
metabolism [12, 50], rat renal cortex utilizes pre-
dominantly free fatty acids as its energy source [51].
Isotonic fluid reabsorption in the proximal tubule was
decreased to about 50% of normal [17] in the alkalotic
rats, probably due to rapid sodium bicarbonate
infusion and secondary extracellular volume expan-
sion [52]. Additional administration of MICA did not
decrease this energy-requiring process any further
(Table 3) but decreased drastically the proximal
tubular lactate reabsorption (Table 2).
The kidney apparently has at least two mechanisms
available for preserving valuable energy sources that,
because of their molecular size, necessarily appear in
the glomerular filtrate: one is active, carrier-mediated
transport systems for substances which do not enter
the intracellular metabolite pool of the proximal tubu-
lar cell, as, for instance, D-glucose [15, 53]; and the
other is passive transport along a concentration gra-
dient, at the tubular brush border, for substances
that are metabolized within the cell. These substances
include lactate, pyruvate and intermediates of the citric
acid cycle that are used for gluconeogenesis by the
renal cortex according to their intracellular availability
[13, 54]. Thus, decreased tubular reabsorption of
citrate in the presence of succinate and malate [55]
does not necessarily imply competitive inhibition of a
common carrier site but may reflect individual intra-
cellular utilization which then alters the transmem-
brane concentration gradients for each of the inter-
mediates. a-Ketoglutarate seems to follow both
pathways of proximal reabsorption, as shown by
Cohen and Wittmann [40] in clearance studies and
stop-flow experiments in dogs. Our study indicates
that proximal tubular lactate reabsorption can be
explained as a passive transport process that is main-
tained by intracellular utilization for gluconeogenesis.
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